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We investigated the pressure evolution of the electrical transport in the almost compensated Weyl semimetal
TaP. In addition, we obtained information on the modifications of the Fermi-surface topology with pressure
from the analysis of pronounced Shubnikov-de Haas (SdH) quantum oscillations present in the Hall-effect and
magnetoresistance data. The simultaneous analysis of the Hall and longitudinal conductivity data in a two-band
model revealed an only weak decrease in the electron- and hole charge-carrier densities up to 1.2 GPa, while
the mobilities are essentially pressure independent along the a-direction of the tetragonal crystal structure. Only
weak changes in the SdH frequencies for B ‖ a and B ‖ c point at a robust Fermi-surface topology. In contrast
to the stability of the Fermi-surface topology and of the density of charge carriers, our results evidence a strong
pressure variation of the magnitude of transverse magnetoresistance for B ‖ a contrary to the results for B ‖ c.
We can relate the former to an increase in the charge-carrier mobilities along the crystallographic c-direction.
I. INTRODUCTION
A Weyl semimetal (WSM) can be considered a three di-
mensional analog of graphene in terms of its electronic dis-
persion. The Weyl fermions realize several exotic properties
in materials, such as the presence of open Fermi surfaces and
extraordinary transport properties, which makes them interest-
ing for both basic science and technological applications.1–13
One of the most striking characteristics of the WSM is the
chiral or Adler-Bell-Jackiw anomaly, a chirality imbalance in
the presence of parallel magnetic and electric fields, which is
expected to induce a negative longitudinal magnetoresistance
(MR).14–20 Although a negative longitudinalMRwas detected
in several putative WSMs and interpreted as a manifestation
of the chiral anomaly, it is well known that for the realization
of the chiral anomaly the chirality needs to be well-defined,
i.e., the Fermi energy has to stay close enough to the Weyl
nodes.17 This is only the case for few of the materials. There-
fore, it is of fundamental interest to find ways of tuning ma-
terials to well defined chirality to realize the chiral anomaly
effect.
TaP belongs to the TaAs-family of compounds, with the
other three members TaAs, NbP, and NbAs, which represents
the first realization of WSMs.12–14,21–25 The interest in this
family was especially triggered by the discovery of a huge
nonsaturated MR and an ultrahigh carrier mobility in NbP.13
TaP crystallizes in a non-centrosymmetric tetragonal lattice
structure with mirror symmetry in the (100) and (010) direc-
tions. The broken inversion symmetry of the crystal structure
gives rise to 12 Weyl-point pairs, 8 pairs called W2 sitting at
the top and bottom of the Brillouin zone and 4 pairs calledW1
at half height at the zone boundaries. Each pair is separated
by one of the mirror planes. Arnold et al. used quantum os-
cillation data in combination with ab-inito band structure cal-
culations to establish a picture of the Fermi surface of TaP.14
The experiments revealed that the Weyl points sit energeti-
cally slightly below and above the Fermi energy EF , with the
W1 points off by −41 meV and the W2 points being closer to
EF at just 13 meV above.
14 The W2 points are separated by a
16 meV barrier along the connecting line of the pair. In par-
ticular, they do not sit in independent Fermi-surface pockets,
which makes the chirality not well-defined in TaP.14
Application of pressure is a powerful tool to tune the elec-
tronic properties of materials without introducing additional
disorder. It promises, in principle, a way to vary the ener-
gies of the Weyl points and/or to modify the Fermi-surface
topology. Therefore, it might be possible to change the Fermi-
surface topology in such a way that the W2 points sit in inde-
pendent Fermi-surface pockets implying a well defined chi-
ral anomaly. Since surface-sensitive probes such as angle-
resolved photoemission studies cannot be used for detecting
the topological states under pressure, quantum oscillation in-
vestigations become the only tool to determine the effects of
pressure on the Fermi-surface topology here. Electrical trans-
port data provide, in addition to the information on the Fermi-
surface extracted from Shubnikov-deHaas (SdH) oscillations,
access on the density and mobility of the charge carriers. So
far, there have been only a few studies on the effect of pres-
sure on the electrical-transport properties of the TaAs-family,
NbAs,26,27 NbP,28–30 and TaAs.31 In all these studies the crys-
talline and electronic structure are shown to be very stable.
II. METHODS
High-quality single crystals of TaP were grown via a chem-
ical vapor transport reaction. More details on the sample
preparation and characterization can be found in Ref. 14. The
electrical-transport experiments were performed on high qual-
ity TaP single crystals in magnetic fields up to B = 9 T and
temperatures down to T = 1.4 K in a 4He cryostat (JANIS)
equipped with a superconducting magnet. The electrical con-
tacts to the sample were prepared with 25 µm platinum wires
which were spot welded to the samples. Hydrostatic pres-
sure was generated using a clamp-type pressure cell utilizing
silicon oil as pressure transmitting medium. The pressure in-
side the cell was determined by measuring the shift of the su-
perconducting transition temperature of a piece of Pb. Two
pressure cells were set up: in the first one the magnetic field
2was applied parallel to the crystallographic c-axis and in the
second one parallel to the a-axis. The electrical current was
always flowing along one of the a-axes of the tetragonal crys-
tal structure and perpendicular to the direction of the magnetic
field.
The density-functional calculations were performed by us-
ing the Vienna Ab-initio Simulation Package.32 The core
electrons were represented by the projector-augmented-wave
potential,33,34 and the Perdew-Burke-Ernzerhof generalized-
gradient approximation was employed for the exchange
functional.35 The plane-wave energy cutoff is 350 eV. An
11× 11× 11 k-point grid was used for total-energy integral
in the whole Brillouin zone. After fully optimized, the force
of all atoms is smaller than 0.01 eV/A˚ for different volumes.
The corresponding pressures were derived by fitting with the
Murnaghan’s equation of state.36
III. RESULTS
The field dependence of the transverse MR, defined as
MR(B) = [ρxx(B)−ρxx(0)]/ρxx(0), at 300 K and 2 K is de-
picted in Fig. 1. Here, ρxx is the resistivity recorded with cur-
rent and magnetic field perpendicular to each other. We per-
formedMRmeasurements undermagnetic fields up to 9 T and
to pressure up to 1.2 and 1.7 GPa for B ‖ c and B ‖ a, respec-
tively. At ambient pressure we find a good agreement with the
previously reported data.14 Owing to the high charge-carrier
mobility in TaP,14 we observe a large and unsaturated MR
for both field orientations at all temperatures between 2 and
300 K. However, there are differences in the behavior of the
MR under pressure between the two orientations. For B ‖ c,
the magnitude of theMR remains almost unaltered under pres-
sure in the complete temperature range. Only the oscillatory
part displays characteristic changes which we will discuss be-
low. The robustness of the amplitude of MRB‖c in TaP is sim-
ilar to previous observations for other monopinictides Weyl
compounds.26–28 On the other hand, for B ‖ a only small os-
cillations are visible in large magnetic fields, but the applica-
tion of pressure induces a continuous increase of the ampli-
tude of the MR in the entire temperature range. MRB‖a(9 T)
increases by about 21% at 300 K and more than doubles its
value at 2 K between ambient pressure and 1.7 GPa. We can
argue that the large MR observed in TaP along the crystal-
lographic a-direction for both field directions is directly re-
lated to the almost perfect balance between electron- and hole-
like charge carriers.14 The large pressure-induced increase in
MRB‖a could be caused by a modification in the mobility of
the electron- and/or hole-charge carriers which may originate
from the anisotropic Fermi surface of TaP consisting of only
two different types of banana shaped electron and hole pock-
ets14 or may be related to a shift of theW2-Weyl points toward
the Fermi energy.
First we will present a detailed discussion of the Hall-
and magnetoconductivities, which give access to the density
and mobility of the charge carriers and their correlation with
the observed changes in the MR. For a sample with tetrag-
onal crystal symmetry with magnetic field applied along the
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FIG. 1. Transverse magnetoresistance of TaP for the two measure-
ment configurations (a) and (b) B ‖ c and (c) and (d) B ‖ a at room
temperature and 2K, respectively. In all experiments the electric cur-
rent was applied perpendicular to the magnetic field and in parallel
to the crystallographic a-axis.
crystallographic c-axis, the longitudinal and transverse (Hall)
components of the conductivity tensor σxx and σxy can be cal-
culated from the longitudinal ρxx and transverse ρxy resistiv-
ities measured along the crystallographic c- and a-axes, re-
spectively, as
σxx =
ρxx
ρ2xx +ρ
2
xy
(1)
and
σxy =
−ρxy
ρ2xx +ρ
2
xy
. (2)
The non-trivial shape of the Hall conductivity as function of
the magnetic field obtained for TaP, as displayed in Fig. 2, is
typical for a material with high mobilities and a nearly perfect
compensation of electron- and hole-like charge carriers. The
Hall conductivities for 0 and 1.2 GPa at different temperatures
are displayed in Figs. 2a and 2b, respectively. The characteris-
tic changes of σxy(B)with temperature are almost the same for
both pressures. The observed behavior is typical of a change
from dominant electron-like charge transport at low tempera-
tures to hole-like charge transport at high temperatures.13,14
In the following, we will focus on the pressure effect on
the Hall conductivity. The pressure evolution of σxx(B) and
σxy(B) at 2 K can be seen in Figs. 3a and 3b, respectively.
The only major change upon increasing pressure, apart from
the modifications in the oscillating parts of the conductivities
at magnetic fields above 1.5 T, is in the reduction of size of
the peak at small magnetic fields, in both σxx(B) and σxy(B).
Such a non-trivial shape of σxx(B) and σxy(B) can be de-
scribed in a two-band Drude model including electrons and
holes:
σxy = eB
(
nhµ
2
h
1+(µhB)2
−
neµ
2
e
1+(µeB)2
)
, (3)
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FIG. 2. Magnetic-field dependence of the Hall conductivity σxy in the
B ‖ c configuration for TaP for different temperatures at (a) ambient
pressure and (b) at 1.2 GPa.
with ne (nh) and µe (µh) being the carrier density and mobility
for the electrons (holes). A fit of Eq. 3 to the Hall-conductivity
data does not converge reliably and depends strongly on the
initial parameters. Therefore, we decided to fit the σxy(B) and
the σxx(B) data simultaneously using Eq. 3 and
σxx = e
(
nhµ
2
h
1+(µhB)2
+
neµ
2
e
1+(µeB)2
)
(4)
for the longitudinal conductivity σxx. The simultaneous fits
converge fast independent of the initial parameters. Repre-
sentative results for σxx(B) and σxy(B) at 0 GPa and 2 K are
displayed in Figs. 3c and 3d. The fitting curves describe the
data at all pressures quite well.
The pressure dependencies of the carrier density and of
the mobility along the crystallographic a-direction for both,
electron- and hole-like charge carriers, are displayed in Figs.
3e and 3f. At ambient pressure, we find a reasonably good
agreement of our carrier density and mobility data with
literature.14 ne and nh obtained from our data differ by about
50% which is slightly larger than previously reported at am-
bient pressure.14 We note that Arnold et al.14 used a different
fitting procedure and did not fit σxx(B) and σxy(B) simulta-
neously. This might explain the observed small differences.
Upon application of pressure, ne(p) and nh(p) start to de-
crease; ne(p) at a slightly larger rate than nh(p). The mo-
bilities are almost pressure independent. Only µe(B) shows a
slight trend to increase upon increasing pressure.
To pinpoint the pressure evolution of the Fermi-surface
topology we analyze the pronounced SdH oscillations in the
MR. For both magnetic field orientations, B ‖ a and B ‖ c,
SdH oscillation are clearly visible starting from about 1 T in-
dicating very small effective masses, resulting in high mobil-
ities (see Figs. 1b and 1d). The oscillatory part of the sig-
nal ∆ρxx was obtained by subtracting a third-order polynomial
background from the MR data. The inset of Fig. 4a presents
∆ρxx(1/B) at 2 K for 0 GPa as an example. As expected, we
find ∆ρxx periodic in 1/B. The SdH frequencies were then
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FIG. 3. (a) Longitudinal electrical conductivity σxx and (b) Hall con-
ductivity σxy of TaP for B ‖ c at 0, 0.5, and 1.2 GPa at 2 K. (c) σxx
and (d) σxy and the corresponding fitting curves following a two-
band model at 0 GPa and 2 K. See text for details. Pressure depen-
dencies of the (e) carrier density of electrons ne and holes nh and (f)
the mobility of electrons µe and holes µh along the crystallographic
a-direction obtained from the fits.
determined by a fast Fourier transformation on the oscillatory
part of the signal (see Figs. 4a and 4b).
In the B ‖ a configuration three frequencies can be extracted
at ambient pressure: Ta1 = (36± 10) T, Ta2 = (103± 9) T
and Ta3 = (149±7) T. These frequencies match well with the
hole-pocket frequencies Fγ = 34 T and Fγ ′ = 105 T and the
electron-pocket frequencyFδ = 147 T found in a previous am-
bient pressure study on TaP.14 For the frequencies obtained for
B||c, Tc2 = (15± 3) T, Tc3 = (28± 3) T, and Tc4 = (48± 4)T,
we also find a quite reasonable correspondence to the hole
pockets Fβ = 18 T and Fγ = 25 T, and Fδ = 45 T originating
from the electron pockets.14 In general, the SdH frequencies
change little with increasing pressure. Except Tc2, which is
rather stable, all frequencies decrease slightly upon applica-
tion of pressure.
We can exclude a frequency shift due to a slight tipping of
the sample inside the pressure cell upon changing pressure,
which would alter the angle between the crystal and the mag-
netic field axes and, thereby, change the extremal orbit probed
by the oscillations. The angular dependence of the SdH fre-
quencies at ambient pressure indicate that a tipping away from
the B ‖ a orientation would lead to a decrease of Ta1 but a si-
multaneous increase of Ta2.
14 Similar opposite shifts should
be expected for frequencies with B ‖ c.14 Both, we did not ob-
serve in our data. This makes a movement of the sample in
the pressure cell very unlikely. We point out that beside the
fundamental frequencies, a series of their higher harmonics is
also present, even more pronounced in the spectra at higher
pressures, manifesting the high sample quality.
While the frequencies are almost not affected, application
of external pressure leads to pronounced changes in the am-
plitudes of the quantum oscillations. The amplitudes of the
oscillations are directly related to the curvature |∂ 2A/∂k2‖| of
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FIG. 4. Fast Fourier transform of the Shubnikov-de Haas oscillations
as a function of the inverse magnetic field taken at different pressures
for (a) B ‖ a and (b) B ‖ c, respectively. The oscillatory part, inset in
(a), was extracted by a subtraction of a third-order polynomial back-
ground. Pressure dependencies of the SdH oscillation frequencies
for (c) B ‖ a and (d) B ‖ c, respectively. The error bars have been
estimated taking into account the accuracy in determining the posi-
tion of the maximum and the width of the peaks. (e) Fast Fourier
transforms for B ‖ a at 1.4 GPa for different temperatures. Inset:
temperature dependence of the amplitudes. The dashed lines are fits
of the Lifshitz-Kosevich formula to the data.
the corresponding Fermi-surface cross sections. This implies
that the change of the amplitudes of the SdH oscillations is
caused by modifications in the curvature close to an extremal
cross section of the Fermi surface. Thus, our results point
at tiny modifications of the Fermi-surface geometry while the
overall shape is robust against the application of pressure.
The analysis of the temperature dependence of the SdH am-
plitudes provides information on the effective masses. Fig-
ure 4e displays the fast Fourier transforms for different tem-
peratures at 1.4 GPa for B ‖ a. By fitting the Lifshitz-Kosevich
formula to the data we obtain the effective masses (see in-
set of Fig. 4e).37 For the main frequencies at 1.4 GPa and
B ‖ a, m∗Ta1 = (0.19± 0.01)m0, m
∗
Ta2
= (0.39± 0.03)m0, and
m∗Ta3 = (0.58±0.02)m0. Here m0 is the mass of the free elec-
tron. We recognize that the effective masses are significantly
enhanced upon application of pressure compared with the val-
ues at ambient pressure, m∗Ta1 = 0.021m0, m
∗
Ta2
= 0.35m0, and
m∗Ta3 = 0.4m0.
14
IV. DISCUSSIONS
The analysis of the SdH oscillations proves the robust-
ness of the Fermi-surface topology of TaP for pressures up
to 1.7 GPa, with the frequencies being nearly unaffected by
pressure. Similar results have been also found for NbP.28
However, the amplitudes of some frequencies for B ‖ a are
strongly reduced upon increasing pressure, while the changes
for the other frequencies for both B ‖ a and B ‖ c are rather
small. On the other hand, upon application of pressure the
transverse MR for B ‖ a increases strongly, by 100% at 9 T
and a pressure of 1.7 GPa, while it is nearly unchanged in
magnitude for B ‖ c.
The strong pressure-induced changes in the MRB‖a point at
pronounced changes in the carrier mobilities along the crys-
tallographic c-direction. In general, in high purity semimet-
als the balance between electron- and hole-type charge car-
rier densities and a high charge-carrier mobility may lead to a
highly enhanced MR. From our analysis of the Hall and lon-
gitudinal conductivities (B ‖ c) we know that the application
of pressure basically leaves the balance between electron and
hole densities unchanged. Furthermore, the electron and hole
mobilities along the crystallographic a-direction are pressure
independent. Therefore, we may conclude that the strong en-
hancement of the transverse MRB‖a is caused by an increase
of the mobilities along the c-axis related to tiny modifications
of the Fermi-surface geometry as we will discuss below.
We can obtain additional information on the energy differ-
ence between the Weyl points and the Fermi energy from our
density-functional calculations. We select three different pres-
sures in the investigated pressure range and shifted the Fermi
energy of the band structures around the W1- and W2-type
Weyl points to zero. The position of both types of Weyl points
remains almost unchanged with pressure as shown in Fig. 5.
This is in contrast to the results on NbP where the W2-type
Weyl points move considerably toward the Fermi energy with
increasing pressure.28
It is, though, not likely that the observed enhancement of
the MRB‖a is related to Weyl physics, since our band-structure
calculations do only show minute modifications of the po-
sition of the Weyl points with pressure. On the other hand,
the systematic drop of the amplitudes of mainly the Ta1 and,
to a lesser extent, of the Ta3 frequencies can be attributed to
subtle modifications in the shape of the Fermi-surface in the
vicinity of the extremal orbits. Note, Ta1 and Ta3 correspond
to electron and hole orbits, respectively.14 As the analysis of
the temperature dependence of the SdH amplitudes shows, the
changes of the Fermi-surface topography cause an increase in
the effective mass of the respective charge carriers and, there-
fore, in their mobility which in consequence could raise the
MR for B ‖ a.
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Weyl points for (a) W1 and (b) W2. The Fermi energy is set to zero
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V. CONCLUSIONS
To summarize, in the noncentrosymmetric Weyl semimetal
TaP the transverse magnetoresistance along the crystallo-
graphic a-axis for B ‖ a is strongly enhanced by application of
pressure, while the magnitude of MRB‖c is almost unaffected.
Furthermore, our study shows the stability of the electronic
structure in TaP which is evidenced by the pressure insen-
sitivity of the SdH frequencies. While the overall topology
of the Fermi-surface is stable against pressure small modifi-
cations of the topography in the vicinity of some of the ex-
tremal orbits is suggested by strong pressure dependencies of
the magnitudes in the fast Fourier transform spectra. The anal-
ysis of the Hall- and magnetoconductivities yields almost un-
changed charge-carrier mobilities along the crystallographic
a-direction and pressure-independent densities of the electron
and hole charge carriers up to 1.2 GPa. Along the c-direction
we infer pronounced rise in charge-carrier mobilities, which
can explain the strong enhancement of the transverse MRB‖c
along the crystallographic a-axis.
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